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Figure 6.3. Highway 30 control. 
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Town DOT 
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Figure 6.4. Airport control. 
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Figure 6.5. GPS receiver arrangement in the aircraft. 
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Figure 6.6. Base station OPS data collection 
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The flight plan consists of one flight in the east - west direction at a flying height of 3,000 

feet over the ISU campus, and another over the ISU campus and continuing over the Highway 30 

test site at a flying height of 1,500 feet (see Fig. 6.7). The campus site is 3 to 5 kilometers from 

the airport and the Highway 30 site is about 17 to 30 kilometers from the airport. 

Each flight collected data for a few minutes at the Taxi point, then flew over the test site, 

took photographs at the pre-determined location using pinpoint navigation (see Figs. 6.2 and 6.8), 

then returned to the Taxi point, and collected additional data for a few minutes. During the entire 

mission, GPS data were collected every half second by the four receivers on board and the two 

receivers on the ground base station (see Fig. 6.9). The LMK 2000 camera was used on this 

flight mission, and the exposure times were also recorded on the GPS receiver. 

6.4. Processing of GPS Data 

The GPS data were processed using Prism (a new version of GPPS) and PNAV software 

developed by Ashtech. The data from the receivers were downloaded to a personal computer 

network and the position of the aircraft antennas with respect to both base stations were 

determined. Also, the position of the left and right antennas with respect to the camera station was 

processed. The data were processed both in the forward and reverse direction, which allowed the 

software to eliminate any integer ambiguity. 

The results were smooth and the positions of the antennas with respect to all three 

references agreed witt-.i.in acceptable lirrJts. Figure 6.10 shows the location of the left w·ii1g, right 

wing, and camera antennas with respect to the Taxi point. The difference between the camera 

antenna coordinates determined by PNA V when the aircraft is over the Taxi point and the 

coordinates from the control survey is 0.06 meters in x and 0.13 meters in y, indicating that the 

PNA V position determination is accurate. The small difference shows the pilot's ability to taxi the 

aircraft exactly over the Taxi point. The height of the camera antenna above the camera's nodal 

point given by PNA V and the tape measurement is 1.541 meters, which compares with the 

previous calibrated value of 1.464 meters. The difference is due to the use of a cloth tape for 

measurement and the lack of knowledge about the exact location of the nodal point. 

The PNAV software gives the antenna location in spherical coordinates (<j>,A.,h) or in local 

three-dimensional coordinates (X,Y,Z) with respect to the reference points. PNAV also 

interpolates the position of the antenna at the exposure time of the camera. For practical 

applications, the spherical coordinates can be converted to the state plane coordinate system. The 

angle omega (assuming they axis is parallel to the camera and to the left and right wing antennas), 

the angle phi (assuming the x axis is parallel to the camera and the front antenna), and the angle 

kappa (assuming the z axis is parallel to the vertical) can be calculated (see Fig. 6.11). Table 6.1 
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Figure 6.9. GPS data collection on photo mission. 
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Figure 6.10. Antenna locations at taxi point. 
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Figure 6.11. Computation of <!>a, roa, ka . 
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Table 6.1. Results of flight 1 for entire time . 
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shows the time, antenna locations, and angles at all times of flight prepared by using a spreadsheet. 

Table 6.2 shows the results for the camera exposure times. 

For this study, it was sufficient to accept the data with Base 2 as a reference and the 

interpolated antenna positions given by the PNA V software. 

6.5. Photo Coordinate Observation 

The photo coordinates of flight 1 and flight 2 were observed using a Wild STKl stereo 

comparator. On the campus site, only controls were targeted and the natural points were used as 

pass points. Wherever possible, the same natural points were used for flights 1 and 2. 

On the Highway 30 site, most of the painted targets along Highway 30 were clearly seen 

but some points on the side roads were obstructed by construction activities. Most of the targeted 

pass points on the south side were clearly seen but most of the targeted points on the north side 

were not, perhaps as a result of overgrowth of the corn and shade caused by the sun. 

The coordinates were observed by two graduate students. The comparator coordinates 

were processed by Sat9 software to get the photo coordinates. These photo coordinates were then 

processed by RO software for agreement between adjoining photos. Finally, the coordinates were 

processed through Albany software for agreement between strip and ground coordinates. At each 

stage, if there was disagreement, the coordinates were re-observed and the inconsistencies 

eliminated. Again, in this study, errors due to refraction and lens distortion were assumed to be 

negligible. 

6.6. Analysis of the Flight Data 

The output of the Albany software, namely, the approximate ground coordinates, the 

camera location and orientation, and the photo coordinates, were used as the input into the Calib 

software. The Calib software is a self-calibration software that runs on Project Vincent, a state-of­

the-art computer network with Unix workstations. 

Table 6.3 shows the comparison between results by Calib (photogrammetry) and PNAV 

(GPS). In this table, Photos 1-3 are from flight I; Photos 4-7 are from flight 2 (campus site); and 

Photos 8 and 9 are from flight 2 (Highway 30 site). 

Unfortunately, many of the targeted pass points north of Highway 30 and some of the 

targeted controls on the side roads were not visible on the photo. Due to this, the accuracy of the 

Highway 30 site strip was questionable. Thus, the results of only the first two photos on the 

Highway 30 site were used in the analysis. 

Table 6.3 also shows that the difference in Z is large for the campus site. Upon 

investigation it was found that a focal length of 152.44 was used instead of 152.21, that the camera 
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Table 6.2. Data of flight 1 for exposure time. 

TIME """""' LEFT 
Xe Ye zc Xl Yl Zl 

RIGHT FORE 
xr Yr Zr Xf yf Zf 

148201. 670116 -2597. 614 2937 .324 951. 740 -2598.014 2942.955 9SJ.382 -2597. 086 29Jl. 8Dl 950. 848 -2596. 623 2937 .402 951. 801 
148207. 775577 -2044. 807 2964. 387 951·969 -2045.027 2970.025 9Sl .615 
148213. 882436 -1490. 306 2911. 848 951 .362 -1490.500 2983-477 9$0.855 

-204 4 .451 2958. 846 951. 083 -204l. 810 2964. 432 952. 030 
-1489. 979 2972.282 950. 636 -1469. 308 2977. 889 951.419 

148754. 715104 -39.466-1380.126 9-324 -34 .459 -1382. 474 S.098 -44.6os-1J11.as1 s.630 -J'9.90S-13s1.02s 9-376 
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Table 6.3. Photo-OPS location. 

Dist. from Geo id 
x y z Ref. Pt. Flying Ht. Direction Undulation 

1 -0.242 -0.367 4.102 j 
-.] 2 0.385 -0.606 4.254 3.5km 3,000 ft W->E 28.87 - f=152.442 3 0.709 -0.344 4.295 

4 0.265 0.502 4.0632 
5 0.361 0.262 3.678 

j 3.5km 1,500 ft S->N 28.87 
6 0.317 0.042 3.418 
7 0.1962 -0.124 3.365 

f=152.442 

8 -1.050 -0.984 1.473 ~ 26km 1,500 ft E->W 29.45 
9 -1.25 -0.862 1.025 f=152.212 



location by GPS was not corrected for antenna height, and that the elevations of control points, 

because they were determined using L12 GPS receivers, were not accurate. 

In addition, Table 6.3 shows that the difference in x and y is large for the campus site. 

Upon investigation it was found that the ground control for Highway 30 was on a surface state 

plane while the OPS was on a state plane. The side road controls at the end of the strip were 

covered by construction. Corn obstructed the targeted and pass points north of Highway 30. 

Table 6.4 shows that the difference in orientation angles between the photogrammetry and 

OPS methods was consistent for the campus site in flight I and flight 2 but not consistent between 

the campus site and the Highway 30 site in flight 2 for the following two reasons: 

(1) The Highway 30 site is about 25 kilometers from Base 2, which is beyond the 

acceptable limit of 10 kilometers for reliable ambiguity resolution by the PNA V 

software. The campus site is only 5 kilometers from Base 2 and the ambiguity 

resolution is reliable. 

(2) Lack of good targeted pass points and control points at the end of the Highway 30 

strip. 

As discussed earlier, to do strip adjustment using airborne OPS without any ground 

control, the omega orientation angle needs to be determined by airborne OPS. Previous tests have 

shown that: 

where 

mp = omega by photogrammetry 

roG = omega by OPS 

ro0 = a constant parameter 

Table 6.5 shows the results of the !east-squares fit of the above equation using the campus 

site flight 1 and flight 2 data. The standard error of 0.0005 indicates that the accuracy of ro0 is 

better than or equal to 0.0005 radians and is acceptable for highway application using 1,500 feet or 

500 meters in flying height photos. The following reasons support the conclusion: 

(I) As discussed earlier, the accuracy of phase measurement in the Z12 receiver is 0.2 

millimeters. Assuming a noise of 0.2 millimeters due to multipath etc., the relative 

error in the z direction between the left and right wing antennas can be assumed to be 

about 0.5 millimeters. Because the distance between the left and right wing antennas 

is about 10 meters, the error in ro0 is= 0.00005 radians. 
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Table 6.4. OPS-Photo orientation. 

(l) <P K 

1 0.0045 0.0151 0.0032 
2 0.0053 0.0130 0.0024 
3 0.0037 0.0117 0.0019 

Std. mean 0.0045 0.0133 0.0025 
Std. error 0.0006 0.0014 0.0005 

4 0.0055 0.0168 0.0076 
5 0.0071 0.0255 -0.0117 
6 0.0054 0.0177 -0.0010 
7 0.0036 0.0188 +0.0089 

Std. mean 0.0055 0.0197 0.00094 
Std. error 0.0012 0.0034 0.0082 

8 0.0116 0.0027 -0.0061 
9 0.0118 0.0029 -0.0057 

Std. mean 0.0117 0.0028 -0.0059 
Std. error 0.0001 0.0001 0.0003 
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Table 6.5. Results of combination of high and low flights. 

INPUT DATA ARE: (0MEGAp,OMEGAg,KAPPAg, PHig) 

OMEGAp OMEGAg KAPP Ag PHig 

0.043108000 0.047640007 0.075824965 -0.061304218 
0. 042177000 0.047439621 0.044556999 -0.060995646 
0.015774000 0.019469214 0.041470049 -0.057373606 
·O. 036485000 0. 04p90545 0.045~62608 -0.030498599 
0.04758800b 0.05 703783 0. 023 87758 -0.023387548 
0.011352000 0.016753616 0. osr66161 -0.040786984 
0. 007231000 0. 010923818 0.06 033636 -0.033132291 

FORMULA·IS OMEGAp-OMEGAg=OMEGAo+OMEGAg(a*COS(KAPPAg)+b*SIN(KAPPAg))+d*PHig 

-0.0048850666 -0.0641132373 Q.4197135928 -0.0300743669 

THESE ARE THE ERRORS, (COMPUTED - REAL) 

-0.000040 
0.001041 

0.000060 
-0.000587 

THE STANDARD DEVIATION IS 
0.000513 

-0.000373 
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(2) The elevation of the control points in the campus site are detennined by the L12 GPS 

receiver from the Iowa DOT. Thus, the relative error of the ground control is about 

0.1 meters, and therefore, the error in Wp due to ground control for the lower flight is 

about = 0.0001 radians. 

(3) The error in elevation by photogrammetry due to error in the photo coordinate, Ar, is 

given by: 

dH =(H/r) * dr 

Thus, if r = 100 millimeters, dr = 0.01 millimeters, and H = 1000 meters for flight 1, 

then dH = 0.1 meters. 

The error of 0.1 meters in dH will result in an additional error of 0.0001 radians in 

rop due to photograrnmetry and this together with the ground control error will result in 

a total error of 0.0002 radians in rop (see Fig. 6.12). 

(4) An error of0.0005 radians in roo for an airborne GPS without any ground control will 

result in an elevation error of 0.25 meters for flight 2 (500-meter flying height). Thus 

the elevation error is good for drawing one meter contour at either flying height. 

Table 6.5 shows the transformation parameters for transferring COa to rop obtained from 

campus site data. They are not suitable for the Highway 30 site perhaps for the following reasons: 

1. The Highway 30 site is more than IO kilometers from the reference base station, which 

is beyond the acceptable limit for integer resolution by PNA V. 

2. The difference in the geoid undulation at Base station and the Highway 30 site is about 

0. 7 meters and that between the base station and campus site is 0.1 meters, suggesting 

that there may be a large difference in the deviation of the vertical between the campus 

and Highway 30 sites. 

3. The direction of flight 1 is from west to east and the direction of flight 2 over campus is 

from south to north, while the flight over Highway 30 is from east to west. The 

different directions and time of flight may result in a different error in W o due to 

different multipath errors in the left and right wing antennas. The differences between 

W o and W p for flight 1 and flight 2 over the campus site agree, suggesting that the 

multipath error is negligible and the asymmetrical motion of the left and right wing is 

also negligible. Also, the shape of the aircraft at the location of the antenna is a crest; 

therefore, any reflection will be away from the antenna, resulting in negligible 

multipath. 

To test the feasibility of using the transformation parameters from the campus site to the 

Highway 30 site, a combined adjustment of flights 1 and 2 was done using the Calib software. By 

trial and error, a satisfactory solution was found by assigning different weights to interior 

orientation elements (x0 , y0 , f) (see Table 6.6), to airborne GPS coordinates (Xe, Ye, Ze) and to 
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Figure 6.12. Sources of error in cop 
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Table 6.6. roa to wp using different weights. 

Weight on photo coordinates = 5000 

Standard error on ground contact= O.Olm 

Standard error on Airborne GPS (low flight) 
Xa, Y 0 = O.Olm 
Z0 =0.00lm 

Standard error on Airborne GPS (high flight) 
X0 , Yo. ZG = 0.0lm 

FORMULA IS OMEGAp=OMEGAo+OMEGAg(a*COS(KAPPAg)+b*SIN(KAPPAg))+d*phi 

-0.0107795884 0.8991249682 0.7631507940 -0.0508904326 

THESE ARE THE OMEGAp: 

-0.0128428 
-0.0091735 
-0.0076987 

0.0026834 
-0.0118249 

-0.0205923 
-0.0128985 
-0.0044199 
-0.0073671 
-0.0080444 

-0.0156900 
0.0087594 

-0.0056232 
-0.0023437 
-0.0273579 
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-0.0372186 -0.0150666 -0.0230069 
-0.0011218 -0.0134105 -0.0244845 
-0.0213606 -0 .0143648 -0.0108987 
-0. 0119827 -0.0178356 -0. 0114358 
-0.0311399 -0.0261177 -0.0109928 



ground control. The parameters from the campus site were used to obtain mp from mo in the 

Highway 30 site strip. When these values were used in the Highway 30 site strip adjustment, even 

without ground control, they gave satisfactory pass point coordinates, suggesting a self calibration 

for a site (e.g., Highway 30) can be used to convert coo to <Op. 

Table 6.4 shows the error of (Kp - Ka) is about 0.0005 radians and (<)lp - <Pal is about 

0.001 radians even though the distance between the camera antenna and the forward antenna is 

only l meter, suggesting that the relative error of GPS coordinates is better than 1 millimeter and 

that <Po and Ko can be used to rectify aerial photos and also produce orthophoto. The error in 

(Kp - Ka) is better than ( <l>p - <)lo) because the determination of Kp by photogrammetry is more 

accurate than ¢p· 

6.7. Analysis of Refined Test Flight Data 

Because of the possibility of small errors in the initial data, the following steps were taken 

to refine the ground control, the photogrammetric coordinates, and the GPS data. 

1. Two ground control points at both the ISU Campus site and the Highway 30 site were 

connected to the Base 2 reference point using Li and L1 GPS receivers. This procedure 

eliminated any possible constant, rotation, and scale errors between GPS and ground 

control. 

2. A spirit leveling was done between ground control points in the campus site and 

between the three control points of the first model of Highway 30. This process 

eliminated any relative error greater than 5 centimeters in elevation between the ground 

control points. 

3. The photo coordinates of all the points in the nine photos were re-observed by three 

observers. Each did observations twice and the mean of the six observations was 

adopted. For obscure reasons there was a constant error of 0.040 millimeters between 

the initial coordinates and the refined coordinates at a few of the observed points. 

4. The GPS coordinates of the antennas were corrected for antenna heights and geoid 

undulation. 

The refined data for the nine photos were then adjusted by Calib. The difference in camera 

coordinates forthe campus site (Photos 1-7) (see Table 6.7), clearly show that the airborne GPS 

coordinates are better than l 0 centimeters irrespective of the flight altitude and flights. The error in 

the z direction of 0.8 meters for the Highway 30 site is probably due to integer ambiguity 

resolution by the PNAV software because the Highway 30 site is more than 10 kilometers from the 

reference station Base 2. 
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Table 6. 7. OPS-Photo locations using refined data. 

x y z 

1 -0.081 0.277 0.008 
2 0.305 0.205 -0.148 
3 0.005 0.491 -0.167 

Mean 0.076 0.324 -0.102 
Std. Error 0.165 0.120 0.078 

4 0.048 0.343 0.258 
5 -0.004 0.1 0.081 
6 -0.099 -0.204 0.046 
7 0.059 -0.359 0.131 

Mean 0.001 -0.03 0.124 
Std. Error 0.062 0.27 0.080 

8 -0.243 0.286 -0.916 
9 0.467 0.249 -0.865 

Mean 0.112 0.267 -0.891 
Std. Error 0.335 0.018 0.025 
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Table 6.4 shows that the difference in orientation angles between GPS and 

photograrnmetry is constant for flight 1 and flight 2 on the campus site. However, the orientation 

angles from GPS for the Highway 30 and for the campus site appear to be different. Again, this is 

because the Highway 30 site is more than 10 kilometers away from the reference station Base 2, 

suggesting the importance of having the reference station within 10 kilometers of the site or of 

knowing the elevation difference for two or more points in the y direction perpendicular to the 

flight to determine the transformation parameter when obtaining 00p from OJG. 

Table 6.8 shows that the standard error of the fit between 00p, from refined data and <OQ is 

0.00008 radians. The accuracy of 0.0001 radians in ro is sufficient for drawing 2-foot contours 

either from 1,500 or 3,000 feet flying height photos. 

Table 6.9 shows the difference between L\.ro1 = roo - rop of flight I and L\.fi"l2 = roa -OOp of 

flight 2. The table also shows the second difference, L\.ro12 = L\.ro1 - L\.fi"l2. The standard error of 

L\.ro12, is 0.00003 radians, which agrees with the expected error of 0.00002 for a height difference 

of 0.2 millimeters at 10 meters apart. 
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Table 6.8. roo to rop using refined data. 

INPUT DATA ARE: (OMEGAp,OMEGAg,KAPPAg, PHig,TIMEl 

OMEGAp OMEGAg KAPPAg PHig SECONDS 

0.042392 0.047640 0.075825 -0.061304 0. 670116 
0.041186 0.047440 0.044557 -0.060996 6.775577 
0.014783 0.019469 0.041470 -0.057374 12.882438 
0.036995 0.042291 0. 045363 -0.030499 1457.599484 
0.048136 0.054704 0.023388 -0.023388 1460.871496 
0.012002 0.016754 0.052766 -0.040787 1464.134522 
0.007390 0. 010924 0.067034 -0.033132 1467.263800 

FORMULA: OMEGAp-OMEGAg:OMEGAo+OMEGAg(a•cOS(KAPPAg)+b*SIN(KAPPAg))+d*phi+ 
E*Kp+F*T 

0.0000550947 
0.0129816652 

-0. 0763984723 
-0. 0000011097 

0.5237227962 

THESE ARE THE ERRORS, (COMPUTED - REAL) 

0.0000727 -0.0000867 
-0.0000370 

THE STANDARD ERROR IS 
0.0000859 

0.0000140 -0.0001274 0.0000901 
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Table 6.9. First and second difference in OOp - roa 

Omega 
GPS-Photo Difference 

Flight Photo (radians) Average 1st& 2nd Average 

1 0.005242 
1 2 0.006254 0.005396 

3 0.004686 

4 0.005296 0.000048 
2 5 0.006568 0.0050375 0.000314 0.000142 

6 0.004752 0.000066 
7 0.003535 
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7. APPLICATIONS OF AIRBORNE GPS 

Airborne GPS has three main applications in photogrammetry: ( 1) rectifying aerial photos, 

(2) producing orthophotos from aerial photos, and (3) stereo plotting without ground control. 

7.1. Rectifying of Aerial Photos 

An aerial photo can be rectified using the equations, 

Y = f *{a21 (X -X0 )+ a22 (Y-Yc,)+a23 (Z-Z0 )}/{a31 (X -Xo)+a32 (Y-Yc,) +~3(Z-Zo)} 

where (X - X-0), (Y - Y 0 ) are the rectified photo coordinates at a scale of f/(Z - Z0 ) and (x, y) are 

the photo coordinates (see Fig. 7.1). The matrix A, which makes the photo coordinate axis 

parallel to the rectified photo coordinates, is given by: 

A= R,R¢Rro = [iii' a,2 a13 ] 

az, azz az3 

~I ~2 a33 

Thus, 

For example, given (x, y) we can calculate (X - X0), (Y - Y 0) at Z using Xo,Y o,Z0 , K, <)>, ro from 

airborne GPS. 

An aerial photo was scanned and all of its pixels (x, y) were then transformed to pixel (X -

X0 ), (Y - Y 0 ). The transformed pixels were then imported to an image analysis software such as 

ERDAS software to display the rectified photo. ERDAS is an image analysis software which 

works on Project Vincent. This was tested using campus site photos and found to be satisfactory. 
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Figure 7.1. Rectification. 

84 



7.2. Producing Orthophotos 

An orthophoto is a rectified point in which each pixel coordinate (X - X.,), (Y - Y 0) is 

computed for its own elevation Z1 using the equation 

Thus, the ground elevation for every pixel in the photo must be known. If a contour map 

exists, then the pixels can be digitized and fed into software such as Arc Info, which will create the 

Digital Terrain Model for the area. Arc Info will also compute the elevation, Z1, of the pixel for 

given x,y, which can then be used to compute the pixel coordinate of the orthophoto. 

Alternatively, if (x1, y1) and (x2,Y2) are the rectified photo coordinates of two adjoining 

aerial photos at scale f/(Z - Z0) and f/(Z - Z'0 ), then both can be brought to the same scale by 

multiplying the second by a factor of (Z- Z0 )/(Z- Z'o). The elevation z1 of the pixel is given by: 

where 

Z'o is the nodal point coordinate of the second photo (see Fig. 7.2). Thus, if (x1, y1) and (x2, y2) 

are known from adjoining photos, then z1 can be computed. From z1 the orthophoto coordinate 

can be computed from the pixel coordinate of each rectified photo. This method was tested using a 

pair of photos from the campus site and found to be satisfactory. 

7 .3. Stereo Plotting 

In direct stereo plotting after the relative orientation, the following information is required: 

• The base components for scaling 

• The <)> and co angles for leveling 

• The orientation angle, K, and translation (x0 , y 0, z0 ) for plotting 
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7 .4. Base Components 

The base components are computed as follows: 

Bx = S (X'0 - X0 ) 

By=S(Y'0 -Y0 ) 

Bz = S (z'0 - z0 ) 

where (x0 , Yo· z0 ) and (x'0 , y'0 , z'0 ) are obtained from GPS and S is the plotting scale. 

7.5. <I> and ro Angles for Leveling 

The leveling angles are obtained from: 

ro = cos Kro'± sin K <I>' = ro' 

<I> =cos K <I>'± sin K ro' =<I>' 

where tan K =(Yo - Y'0 ) I (X0 - X'0 ) and ro', <I>' are from GPS. 

7 .6. Orientation Angle and Translation 

The orientation angle is given by: 

TanK=(r.-i:)J(x0 -X~) 

and the translation is 

where x
0

, y
0

, z
0

, and x~, y~, z~ are from airborne GPS. Zorn is the nodal coordinate of the left 

projector nodal point and Zm is the model coordinate of a point. 

Thus, for small <I> and ro angles, the nodal coordinates can be transformed to ground 

coordinates using matrices. 

[

X] [c~sk -sink l/J][xml [X
0

] Y = smk cos (!) Ym + Y,, 

Z -1/J W 1 Zm Z0 

Again, this was tested using the campus site photos and the Zeiss ZS stereo plotter and 

found to be satisfactory. 
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When the concept of airborne GPS is accepted and developed fully, further research will be 

needed for rectification, orthophoto production, and stereo plotting from airborne GPS. 
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8. CONCLUSIONS AND RECOMMENDATIONS 

Airborne GPS is feasible. The coordinates of the camera antenna can be determined with 

an accuracy better than± 10 centimeters if the base reference station is within 10 kilometers of the 

photographic site, which is acceptable for mapping at all scales. 

The PNA V software resolves the integer ambiguity satisfactorily for fast static computation 

if the rover receiver is within 10 kilometers of the base station. 

Camera, wings, and foresight positions are suitable for antenna location; however, the tail 

is not. The motion of the left and wing antennas are symmetrical and can be used for computing 

the angle of rotation. 

The accuracy of the Z12 GPS receiver is 0.2 millimeters, and the noise due to multipath at 

the camera, foresight, and wing locations is negligible. The accuracy of the ro obtained from left 

and right wing antennas at a separation of 10 meters is better than± 0.0001 radians, which is 

acceptable for 2-foot contours using 3,000 feet or lower flying heights. 

For a block with more than one strip, no ground control is required. The base station has 

to be within 10 kilometers of the block, and local geoid undulation has to be applied to the 

elevations. 

For a strip, self calibration is required for transferring OlG to OOp and is valid for projects 

within 10 kilometers. If the project is at a distance greater than 10 kilometers, however, the 

elevation differences between the two control points separated in the direction perpendicular to the 

line of flight are required. 

Further research is required to obtain rop from roo with an accuracy of± 0.00002 radians, 

an accuracy that GPS is capable of providing. Also, further research is required to use airborne 

GPS data for rectification, orthophoto production, and direct stereo plotting. 
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APPENDIX. PROCESSING OF GPS DATA FOR 1994 PROJECT 

1. INTRODUCTION 

The 1994 project includes two flights. The processing procedures for the two parts are the 

same. This appendix discusses the procedures of downloading and processing of the data with 

PNA V software from Ashtech on a PC and Xess on Project Vincent. Then the processing results 

are given. 

2. PROCEDURES 

2.1. Downloading Data from the GPS Receivers 

Six GPS receivers are used in this project. Two of them are at the ground base stations 

base l (airport south) and base 2 (airport north). The other four receivers are placed on the left 

wing, right wing, center, and head of the airplane, which are called left, right, camera, and fore 

respectively in the data processing. 

Using a program called HOST in PNAV, all of the data files in the six GPS receivers are 

downloaded into the hard driver on the PC. In the receivers, different data file names have been 

given according to the different stations in the flights. You just select Yes or No for each station in 

the program HOST to decide if it is downloaded. Since there are two flights, we made two 

directories to store the data of one flight in one directory. The data files from the receivers are B, 

E, &."1.d S files. Photo file is from the receiver on camera. 

2.2. Data Processing Using PNA V 

To get the positions of left, right, camera, and fore, we use PNA V for the data processing. 

PNA V performs several task. The input files for data processing in PNA V are B-file (Binary 

Measurement File) and E-file (Ephemeris File). The S-file (Site Data File) is not used in this 

release of version. The photo file is used in the procedure of "PHOTOGRAMMETRY" to produce 

the output for the exposure time. 

(a) Run PNAV and select submenu "COMPARE NAV SOLUTIONS" in the main menu 

"POST MISSIONS." Taking one of the two base stations as base station and the other as rover 

station, we get the location of the rover station, which is used to compare with the given coordinate 

of the rover station and find out if the given coordinates of the base stations are correct. The rover 

motion dynamics for this procedure is "Static." 

(b) In data processing, we take base 1, base 2, camera, and left as the base station. Since 

there are many rover stations for one base, that is, a batch job, we select "BATCH 

PROCESSING" in the main menu of PNAV. The execution mode is "FORWARD AND 
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BACKWARD." The processing mode is "NAVIGATION" and the rover station dynamics is 

"STATIC." Each time we select base l, base 2, camera, and left as the base station and the others 

as rover stations (except the ground base stations base 1 or base 2). Note that the ground base 

stations base 1 and base 2 can only be used as base station in the data processing. In this step 

PNAV creates C-file (rover position in WGS-84 Coordinates) and J-file (relative position in either 

XYZ or ENU Coordinates) as output files. 

(c) After running "BATCH PROCESSING" in the main menu of PNAV, select "POST 

MISSION" in the main menu. Then run "PHOTOGRAMMETRY" which uses the photo data file 

to create the position of these receivers at the time of exposures. 

(d) The final work done by PNAV is to create P files that are the plot files. Select 

"CREATE PLOT FILE" in the submenu of "POST MISSION" and input the name of the photo 

data file. 

( e) Select "VIEW PLOT FILE" in the main menu to see the processing results. 

2.3. Data Processing Using Xess on Project Vincent 

In part two we got the position of left, right, camera, and fore for each flight. In this part 

for the whole flight we calculate the ro, <j>, and K of the aircraft according to these coordinates in the 

J-file given by PNA V. For those of the exposure time, we get the angles of co, <j>, and K both from 

the ENU coordinates in J-file and the XYZ coordinates, which are converted from the WGS-84 

latitude and longitude coordinates in C-file. 

Xess is a spreadsheet software similar to Lotus 1-2-3. We use it to complete the 

computation for those angles. 

(a) For each flight, import the J-file of left, right, camera, and fore that are the results 

based on base 2 into Xess on Project Vincent. The x, y, and z of each station occupy the adjacent 

three columns. Then calculate the differences of height, distances, and scale factors between those 

stations. Finally get the angles ro, <j>, and k. 

(b) To obtain the state plane coordinates from C-file, we use a program "UTM&STPL" to 

convert the latitude and longitude in C-file. Then repeat the procedure in (a). 

3. DATA PROCESSING AND RESULTS 

3.1. Data and Results from PNA V 

The results data from PNAV are the C-file, J-file, and P-file (Plot file). Viewing the P-file 

by the "VIEW PLOT FILE" in PNAV, we know that the PDOP are less than two and there are five 

to seven satellites in the data collecting. In the step "COMP ARE NA V SOLUTIONS" we find a 

error of about 18 meters in the northern direction between base I and base 2. The coordinate of 
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base 2 is regarded as correct one. So we take the results that are based on base 2. The recording 

interval for the 1994 project is 0.5 second. So the volume of the data is very big and it takes a long 

time to process all the data by PNAV. 

3.2. Data and Results from Xess 

There are six sets of data and results from Xess: three for flight 1 and the other three for 

flight 2. 

(a) Data and results from Flight 1 

Flight 1 is the high flight on the ISU campus. Only four shots are taken in flight 1. One 

of them is for the test. So there are relatively less data in flight 1. 

Table I -gives the data of flight 1 for the entire data recording time, exposure time_, and 

data of the SPC converted from WGS-84 in C-file for the exposure time, respectively. Table 2 

gives the result from these data. 

(b) Data and Results from Flight 2 

Flight 2 is the low flight on the ISU campus and on Highway 30. A total of 57 shots 

occur during flight 2. One is taken on the ground. Four are on the campus. Fifty-one shots are 

on Highway 30. 

4. CONCLUSIONS 

From these results, we can reach the following conclusions: 

(1) The results from PNAV are good. In the exposure time interval, there are seven 

satellites. The PDOPs are also very small. 

(2) The results from Xess shows that for both flights the distances, three angles, and the 

scale factors are good. The variances of <jl and ro for both flights are about 2°. 

(3) The results from the ENU coordinates in J-file and the SPC converted from C-file 

coincide very well, meaning that the results from different methods are consistent. 
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Table A-1. Data of flight 1 for entire time. 

DATA for FLIGHT l 
TIME CAMEAA LEFT RIGHT FORE 

xc Ye Zc Xl Yl Zl "' ,, u x< Y( zr 
148196.00 -3110.4.62 2905.171 947. 792 -3111.182 2910.756 94.7.289 -3109.592 2899.671 947.040 -3109.474. 2905.311 947 .855 
148196.50 -3065.145 2907. 787 94tL438 -3065. 833 2913-.378 947.963 -3064.J.08 29{)2.284 947.654 -3064 .156 2907.920 948.502 
148197 .oo -3019.867 2910. 520 94.9.092 -3020.491 2916.116 94.8.597 -3019.097 2905.002 9413.343 -3018.878 2910.641 94.S .155 
148197 .so -2974..615 2913. 300 94.9.737 -2975.204 2918.904 949.256 -2973.880 2907. 778 948. 961 -2973. 626 291J.4i4 94.9 .sos 
148198.00 -2929.384 2916.118 950.317 -2929.961 2921. 726 94.9.876 -2928.666 2910.598 94.9. 506 -2928.395 2916.228 950.380 
148198. so -2884.173 2918.981 950. 796 -2884. 733 2924.594 950.366 -2883.475 2913 .461 949.962 -2883 .182 2919.088 950 .as1 
148199.00 -28'38.978 2921.928 951.074 -2839.485 2927. 541 950.602 -2838.334 2916.397 950. 284 -2837 .988 2922. 028 951 .129 
148199.5) -2793. 787 2924.854 951 .182 -2794. 294 2930.471 950. 764 -2793.1,42 2919.329 950.350 -2792. 796 2924. 951 951 .244 
148200.00 -2748.592 2927.741 951.302 -2749.141 2933. 356 950. 911 -2747 -907 2922.224 950.436 -2747 .602 2927.844 951.360 
148200.50 -2703.399 2930.632 951.<170 -2703.956 2936.247 951. 069 -2702.710 2925.115 9SO. 609 -2702.409 2930. 738 951.524 
148201.00 -2658. 203 2933' 527 951.620 -26$8.695 2939 .150 951.240 -2657 .583 2928.012 9SO. 747 -26S7.2ll 2933.621 951 .677 
148201.SO -2612.999 2936.385 951.726 -2613.412 2942. 014 951. 365 -2612.4S9 2930.862 950.839 ·-2612. 009 2936.46S 951.788 
14820'2.00 -2567. 779 2939.146 951./6/ -2568.156 2944 '780 951. 415 -2567 .276 2933.621 950. 86S -7:S66. 788 2939.218 951.S27 
14S202.SO -2522.S4S 2941.808 951-681 -2522. 925' 2947 .441 951. 312 -2522.044 2936.280 9S0.802 -:tS2l.556 2941. 881 951.742 
14S203. 00 -2477 .304 2944, JBS 9Sl.54S -2477. 704 2950.013 951.140 -2476. 775 2938.856 950. 702 -2476.3l2 2944.466 951 .603 
14S203.SO -24.32. :')51 2946.923 951.366 -2432.442 2952.548 950.9J7 -2431.5"31 2941.386 9S0.549 -2431.060 2947.000 951.426 
148204. 00 -2386. 792 2949.407 951.181 -2387 .153 290::5.036 950. 779 -2386 .298 2943 .870 9S0.343 ··2385.SOO 2949.479 951.242 
148204. so -2341.S2S 2951.813 951. 030 -234.l. 852 2957 .447 950.650 -2341.067 2946.27S 950.170 -2340.534 2951.879 951.092 
14.8205.00 -2296.258 295Ll19 950.951 -2296.556 2959' 754 950.S7S -.2295. 821 2948.582 950. 0$4 -2295.261 2954.180 951.009 
14820S. so -22SO. 9SS 2956.342 9SO. 927 -2251. 225 2961. 978 950. 530 -2250.604 2950. 798 950.082 -2249.987 29S6.394 950.9S4 
148206.00 -2205. 704. 2958.417 95L01S -2205.905 2964. 055 950. 657 -2205.363 2952.875 950.137 -2204. 705 29SS.459 951 .os1 
148206. so -2160.407 2960.JlJ 9SL247 -2160.S99 296S.957 9S0.931 -2160.082 2954 "776 9SO, 327 -21S9.409 2960.;52 951.311 
148207. 00 -211s.103 2962.036 9SL517 -2ll5. 3tJS 2967. 678 951. 215 -2114. 764 2956. 500 950. 590 -2114. lOS 2962. 076 951.584 
148207. so -2069. 78S 2963.605 ?,51.817 -2069. 991 296().246 951. 479 -2069.449 29S8.065 9SO. 911 -206S. 791 2963.647 951.880 
14.8208.GO -'2024. 464 2965.024 952.092 -2024. 697 2970.660 951.725 -2024.093 29S9.482 9S1. 223 -2023.466 2965.072 952.152 
l4S208.SO -1979.131 2966.351 952,:316 -1979.397 29'il.984 951. 907 -1978.729 2960 .sos 951. 4.80 -1978.134 2966.~.'..16 952 .... 73 
148209.0·) -1933. 791 2967. 621 9S2.467 -1934.061 2973.254. 952. 065 ~1933. 388 2962 .077 951. 628 -1932.794 2967.676 952.521 
148209.51) -1888.438 2968.8~8 952.571 'l888.687 2974..482 952.170 -1888.053 2963.299 951. 742 -1887 ,440 296S.899 952.635 
148210.00 -1843. 069 2910.01.: 9:i2.679 -1843. 299 2975. 649 952. 275 ·1842.702 2964.4.67 951.837 -1842.070 2970.063 952. 730 
148210. 50 -1797. 681 2971.147 952. 728 -1797.899 2976. 781 952.306 -1797.333 2965.594 951. 902 -1796.6SJ 2971.191 952. 779 
148.211.Q(I ~1'152.28'.) 2972.";!56 9S2.658 -17S2.455 2971.889 9S2. 237 -1751.981 2966.699 951. SJ8 -l75l.2S5 2972.291 952. 711 
14S21l. S·J ~1706.871 2973.294 952.535 -1707.039 2978. 929 952 .129 -1706.S70 2967. 742 9Sl. 703 -1705.S74 2973.J31 952.591 
14!"1212' Qi) -11361.445 2974 ~82 952.3813 -166l.62J 2979.915 951. 959 -l66l.l34 296'.8. 727" 951' 571 -lS60.417 2S7-L319 952.441 
148212.50 ~1616.007 2975 "' 952.190 -16l.6.199 2980.869 95l.72S -1615.681 2969.676 951,412 -1615.009 2975.278 9S2. 243 
148213.00 ~1S70.559 2976. l70 951.940 -1570. 770 2981.800 951.449 -1570.213 2970.607 951' 194 -1569.560 2976.215 9S1.997 
148213.SO ~1525.093 2977' l09 95l.605 -1525.307 2982. 738 951. lH. -1524.746 2971.546 9SO.S67 -1524. 095 2977.1S4 951. 663 
148214.0(} -lr.79.613 2918 .075 9Sl.287 -1479. aoo 2983. 704 950. 776 -H79.291 2972. sos 9SO.S67 -1478.615 2978.115 9Sl.34~ 
14S750. 00 -23.417-1331.$63 9. 093 -lS.097-1333.287 8. 415 -2S.866-1J30.047 8. 430 -23. 721-1J32.51S 9 .160 
148750.50 -25.144-1337.:?:56 9 .123 -19.826-1338.990 !L446 -JO. 587 -1JJ5. 726 8. 459 -25.449 -1J38. 208 9 .1S3 
148751.00 -26. 837 -1342. 828 9.149 -21. 527 -1344. 579 8' 467 -32. 276 -1341. 281 8. 493 -27.148-1343.781 9 .20S 
148751.50 -28. 523 - l34S. :?:7 6 9.174 -23. 21S -13SO. 048 8. 516 -33 "951-1346. 709 8. 491 -28. 83J -134 9. 227 9 .2J3 
148752.00 -30.187-1353-.594 9.196 -24. S86 -135S. 386 8. 535 - JS. 607 -1352. 009 8. 521 -30. 502 -13S4. 545 9 .257 
148752.51) -31.s22-13ss.1e4 9.227 -26. 536 -1360. 629 8. 564 - 37. 228 -13S7 .153 S.567 -32 .149 -1359. 733 9 .292 
l4S753" 00 -3J. 442-1363.1346 9. 256 -2S .195 -1365. 780 8. 598 -JS. 823 -1362 .119 8. 581 -33. 784 -1364. 7S8 9 .315 
148753.50 -35. 084 -1368. '114 9.272 -29. 885 -1370.836 8.598 -40. <118 -136"6. 911 8.6"23 -3S.447-1369. 709 9. J2S 
148754. 00 -36. 797 -1373. 561 9. 304 -31. 674 -l37S.80.1 8. 635 -42. 069 -1371. 514 a. 641 -37 .191-1374.480 9 .35S 
148754. so -Js. 626 -1378. <:oo 9.325 -33. 575 -1380. 355 7. 667 -43 .819 -l37S.974 8.656 -39.054-1379.106 9.375 
148755. 00 -40. 578 -1382. 678 9.322 -JS. 630 -1385. 2S.1 8. 669 -45.6S4-l380.336 8.59S -41.039 -1J83.S67 9 .377 
148755.50 -42. 661-138'1. CC7 9.351 -37. 802 -1"389. 784 8. 694 -47 -643 -1384 .489 S.619 -43 .1s1-1387.878 9 .400 
l487S6.00 -44 .83S-1391.160 9.368 -40. 07S -1394. 099 8. 694 -49. 734 -13S8 .472 8,648 -45.354-1392.016 9 .420 
l487S6. so -47.098-139S.1J6 9.3S2 -42. 435 -139S. 228 8. 70S -51'903 -1392. 292 8.667 -47 .645-1395.977 9 .436 
148757. 00 -49. 427 -1398. 928 9.J90 -44.S76-1402.179 s. 131 - 54 · 126 -1395. 918 8.654 -so. 004 -1399' 7 4S 9 .446 
l487S7.SO -51.810-1402.531 9.406 -47.411-1405.987 8. 754 -56. 3 65 -l.399. Jl 7 8. t;;63 -52. 422 -14 OJ. 324 9. 459 
~48758.00 -54.242-1405.a8s 9' 427 -50.049-1409.58$ 8. 778 -5a. 601 -1402 .421 8. 688 -54.902-1406.645 9. ~1Z 
:1.4B7S1i.50 -5G. '12G -1~\lS. ~53 9.~29 -52.7£18-1412.92) s. 768 -60.S33 ··1405.210 8' 700 -57.434-1409.665 9. 475 
~4S759.00 -59.2S9-14ll.'108 9. 424 -55.669-1415.976 8. 794 - 63. OS6 -1407. 658 8. 658 -60.051 ~1412.365 9. 464 
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Table A-2. Results of flight 1 for entire time . 
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